Abstract. Reduced availability of water for agricultural use has been forecast for much of the planet as a result of global warming and greater urban demand for water in large metropolitan areas. Strategic improvement of water use efficiency (WUE) and drought tolerance in perennial crops, like fruit trees, could reduce water use without compromising yield or quality. We studied water use in apple trees using 'Royal Gala', a relatively water use-efficient cultivar, as a standard. To examine whether genes useful for improving WUE are represented in a wild relative genetically close to M. ·domestica, we surveyed Malus sieversii for traits associated with WUE and drought resistance using material collected from xeric sites in Kazakhstan. This collection has been maintained in Geneva, NY, and surveyed for various phenotypes and has been genetically characterized using simple sequence repeats (SSRs). These data suggest that most of the diversity in this population is contained within a subpopulation of 34 individuals. Analysis of this subpopulation for morphological traits traditionally associated with WUE or drought resistance, e.g., leaf size and stomata size and arrangement, indicated that these traits were not substantially different. These results imply that some of the genetic diversity may be associated with changes in the biochemistry, uptake, and/or transport of water, carbon, or oxygen that have allowed these trees to survive in water-limited environments. Furthermore, genes responding to drought treatment were isolated from 'Royal Gala' and categorized according to the biological processes with which they are associated. A large fraction of upregulated genes from roots were identified as stress-responsive, whereas genes from leaves were for the most part associated with photosynthesis. We plan to examine expression of these genes in the M. sieversii population during water deficit in future studies to compare their patterns of expression with 'Royal Gala'.
Apples are believed to have originated in China, carried first by mammals (smallerfruited varieties by birds) over the western mountains of China and then by humans over the silk road trade routes into Europe. The modern cultivated apple (Malus ·domestica Borkh.) is believed to have been domesticated in Turkestan, now Kazakhstan, Kyrgyzstan, Uzbekistan, Turkmenistan, and Tajikistan (Harris et al., 2002) . Although there has been some confusion regarding the taxonomy of the cultivated apple (summarized in Harris et al., 2002) , most taxonomists agree that Malus sieversii is the most closely related species (Mabberley et al., 2001; Robinson et al., 2001; Veslaco et al., 2010; Zhou and Li, 2000) and the likely progenitor.
Genetic and polymorphic characterization of M. sieversii has been reported by a number of laboratories. Volk et al. (2005) characterized populations of M. sieversii collected from two sites in Kazakhstan using SSRs and assessment of fruit quality and disease resistance/susceptibility. They were able to establish a ''core'' subset of 35 individuals within each population that captured greater than 90% of the genetic and phenotypic diversity. In another study, traits such as tree height/diameter, flower arrangement, fruit development and morphology, and pollen morphology were assessed in different accessions of M. sieversii populations from diverse regions in China (Yan et al., 2008) . Analysis of these data along with random amplified polymorphic DNA results indicated that most of the genetic variation was within one population rather than among the populations sampled.
Human selection of apples has focused mainly on fruit quality traits and disease resistance. Although apples are grown in a wide variety of sites within the temperate zone, little direct selection for tolerance to abiotic stresses has taken place over the history of cultivation. Furthermore, few studies of abiotic stress resistance have been reported. A thorough study of drought responses of six apple species, including M. sieversii, was reported by Jinghui et al. (1996) . Based on leaf area index, stomata density, osmotic permeability of leaf cytoplasmic membranes, root surface area, and free proline content, they concluded that Malus toringoides was the most drought-resistant species followed by M. sieversii and M. transitoria. Numerous physical and biological impacts are predicted by the current global warming model (Easterling et al., 2000) . These include an increase in the global mean temperature, an increase in extreme weather phenomena, i.e., heavy precipitation in some areas with attendant flooding and low precipitation in other regions leading to widespread droughts, and alterations in survivability of various land-based organisms (for example, Breshears et al., 2005) . In fact, increased tree mortality resulting from water deficit conditions is one of the more significant predicted responses to global climate change (Adams et al., 2009) . Whether these changes reflect natural climate cycles or anthropogenic influence (or both) is not clearly understood at present; however, regardless of the origins of climate change, the fact that change is occurring has been well documented (Cooter and Leduc, 1995; Dai et al., 1998) .
Drought resistance is used here as a general term and refers to the ability of one genotype to yield better than another during severe drought stress. Resistance can be realized through different strategies plants use to survive dehydration. A common mechanism is termed drought avoidance and refers to a plant's ability to maintain effective water status under dehydrative conditions (Blum, 2005) . An example of this type of strategy would be development of longer roots to access moisture in drying soils or alterations in stomata structure/function to reduce water loss. Another strategy used for survival in xeric environments is the development of dehydration tolerance, i.e., the ability to maintain function in a desiccated state. This type of strategy is exemplified by the accumulation of osmoprotectants in response to dehydrative conditions.
We have undertaken a long-term study of drought resistance in apple using M. ·domestica 'Royal Gala' as our standard for comparison based on previous identification of expressed sequence tags (ESTs) responding to drought in this cultivar (Wisniewski et al., 2008) . Our primary goal is to identify potentially droughtresistant/-tolerant or improved WUE accessions of its close relative, M. sieversii. The specific objectives of the present study are to identify morphological variation potentially correlated with WUE and to identify genes from 'Royal Gala' (serving as a benchmark cultivar) that respond to water deficit. Based on these and other planned studies with M. sieversii, accessions of interest will be developed by clonal propagation and analyzed for drought-responsive gene expression for comparison to 'Royal Gala'. We expect to identify differences in gene responses (qualitative and quantitative) among the M. sieversii introductions that correlate with WUE and/or drought resistance. Such traits could be rapidly introgressed into commercially important apple cultivars to enhance tree survival during water deficit periods, to improve survival of newly planted seedlings, and to reduce dependency on irrigation.
MATERIALS AND METHODS
Orchard plots. The USDA National Malus Germplasm Collection in Geneva, NY (lat. 42°52# N, long. 76°59# W, elevation 151 m) provided plant material from the core M. sieversii population. The seeds were collected in Kazakhstan in 1995 and seedlings planted in Geneva in 1997 (Forsline et al., 2003) . Thirty-four accessions from a xeric site in Kazakhstan (site 6.01) were selected for study (Volk et al., 2005) along with 'Royal Gala' for comparison with a commercially important cultivar. All plant material from Geneva, NY, was planted in three double rows with 1.8-m spacing between rows and with 1.5-m in-row spacing. All trees received conventional pest control and light pruning. A complete list of the trees sampled in this study can be found in Glenn and Bassett (2011) .
Leaf measurements. Plant material from the core collection was sampled in the late summer of 2005 and leaf area, leaf length and width, and leaf perimeter were measured with a Model CI-203 leaf area meter (CID BioScience Inc., Camas, WA) on fully expanded leaves at approximately the same branch position from five current year's shoots of approximately equal length per tree. Leaf number per branch was determined by counting from the smallest visible leaf at the shoot tip to the base of the current year's shoot growth.
Stomata measurements. Impressions of stomata on the abaxial leaf surface were made using a small drop of superglue on a slide and then lightly pressing the leaf surface to adhere the epidermal layer (Savé et al., 2000) . The leaf was gently removed, and the slide was viewed under a light microscope (Nikon Instruments, Inc., Melville, NY) and photographed with a PAXcam camera (Villa Park, IL). Stomata density was measured by counting the number of stomata in a defined area (0.09 mm 2 ). Stomata length was determined by measuring the length of the aperture, whether closed or open.
Statistical analyses. Leaf characteristics and stomata data were analyzed using the RyanEinot-Gabriel-Welsch Multiple Range Test (SAS Version 9.1; Cary, NC).
Suppression subtractive hybridization. Malus ·domestica cv. Royal Gala was clonally propagated by shoot proliferation (Ko et al., 2002; Norelli et al., 1988) and root induction (Bolar et al., 1998) . Trees 1 m tall were transferred into a growth chamber and subjected to water deficit treatment as previously described (Wisniewski et al., 2008) .
Leaves immediately above and below the leaf measured for photosynthesis were collected as were bark and roots cleaned of potting soil. These tissues were immediately frozen in liquid nitrogen. RNA was isolated and assessed for quality and genomic DNA contamination. RNA extraction and cDNA synthesis followed protocols described in Bassett et al. (2006) . Suppression subtractive hybridization (SSH) was performed as previously indicated (Bassett et al., 2006) using cDNA from water deficit-treated trees (40% of saturation for 2 weeks) as a tester and cDNAs from well-watered controls (10· concentration) as driver. The final polymerase chain reaction products from the subtracted cDNAs were cloned and sequenced. Genes were identified with BLASTx and BLASTn (<http://www.ncbi.nlm.nih.gov>).
RESULTS AND DISCUSSION
Leaf characteristics of 'Royal Gala' and site 6.01 M. sieversii accessions. Our initial characterization of water deficit response in apple focused on leaves, bark, and roots of 'Royal Gala' because it is a commercially important cultivar and clonally propagated plant material (own-rooted material) is readily available for experimentation. The latter consideration is important for comparison with M. sieversii accessions, which are seedderived trees in the orchard that can also be clonally propagated on their own roots (data not shown).
Some drought-resistant plants have leaf modifications that reduce water loss as a result of transpiration (Chaves et al., 2003; Larcher, 2000) . These modifications include, but are not limited to, reduction in leaf surface area and/or thickness, changes in leaf number per branch or total canopy, and alterations in stomata morphology and trichome density (Sandquist and Ehleringer, 2003) . Decreasing leaf area (including premature senescence and the shedding of older leaves) is a common response to water deficit and is thought to be related to the reallocation of nutrients to the stem and younger leaves (Khanna-Chopra et al., 1999) . Likewise, leaf pubescence is important for productivity under hot, dry conditions because the highly reflective trichomes decrease absorption of solar radiation resulting in decreased heat load on a leaf (Ehleringer and Clark, 1988) .
Studies of trees in different rainfall environments have shown that both morphological and physiological factors contribute to effective drought resistance. A study with eastern redbud trees (Cercis canadensis L.) grown in three different environments indicated that trees from the most xeric environment had smaller, thicker leaves compared with those from more mesic locales (Abrams, 1988) . Likewise, Rieger et al. (2003) reported genotypic differences in leaf size and specific leaf area in peach species, and these differences correlated with the degree of dryness in the environment from which they originated. Like morphological variation, the accumulation of osmolytes as a response to drought and an aid in dehydration amelioration has been amply demonstrated (Arndt et al., 2001; Peltier et al., 1997; Wang and Stutte, 1992) . All of these results taken together suggest that genetically controlled physiological and morphological factors have facilitated adaptation to contrasting habitats, particularly in temperate tree species.
To begin clarifying the contribution of leaf morphology differences to WUE and drought resistance parameters in this population, we documented leaf morphology traits in mature trees of M. sieversii and 'Royal Gala', including leaf area and perimeter, leaf length and width, and stomata length and density. Data from individual trees (Table 1) were assessed for differences in leaf parameters and correlation with WUE measurements (manuscript in preparation). GMAL3683.o y Values with the same letters are not significantly different at the P < 0.05 level using Ryan-Einot-GabrielWelsch multiple range test. x The extreme values are underlined (highest values are double underlined; lowest values are single underlined). was not part of the core diversity collection but was selected as an ''outlier'' because it appeared to have the smallest leaves of the entire site 6.01 collection. Indeed, statistical analyses indicated that it had the smallest leaf length and width and, hence, the smallest perimeter and area of all the individual trees examined. The largest leaf by area was found with PI657073 (GMAL3989.f), whereas PI657042 (GMAL3687.d) and PI657051 (GMAL 3690.d) had the longest length and width, respectively. As expected, some of the half-sibling groups (same GMAL number, different lower case letter) varied in one or more parameters (e.g., GMAL3975.d, which differed significantly in leaf width compared with its GMAL3975 half-siblings). Sandquist and Ehleringer (2003) in a study of leaf pubescence in Encelia farinosa also found substantial diversity in different populations that correlated with diverse environments and was thought to reflect adaptation to different rainfall conditions. Differences within a population such as we observed with the site 6.01 M. sieversii trees suggest a genetic basis that is likely related to environmental adaptation. These differences may persist because of relatively weak selection forces or because of the presence of dominant effects that overwhelm genes associated with a single, specific adaptive trait. Indeed, stomata effects typically predominate under moderate stress, but biochemical limitations are quantitatively more important during leaf aging or severe drought (Gallé et al., 2007; Grassi and Magnani, 2005) . Furthermore, the complexity between structure and function during leaf development may mask the effects of environmental stresses such as drought and make interpretation of the effects of stress on leaf function and/or structure difficult (Schurr et al., 2000) . In the case of stomata density, differences between certain individuals were twofold or greater ( Fig. 1; Table 2 ), whereas differences in stomata length were less dramatic. Stomata length extremes were observed within a half-sibling group (i.e., GMAL3684.b and 3684.a), whereas density extremes were observed between groups (i.e., PI657049 and PI657039). No significant correlation was observed between stomatal length or density and leaf area (data not shown).
It has been reported that differences in stomata density can occur as a result of drought severity. For example, Xu and Zhou (2008) showed that moderate drought treatment resulted in greater stomata density in a perennial grass, whereas a severe drought led to a decrease in density. Preliminary experiments with clonal replicates of PI657039 (lowest stomata density) suggest that it is relatively more sensitive to severe water deficit than 'Royal Gala' (data not shown). Future experiments will allow us to determine whether this is the case for M. sieversii collected from different Kazakhstan environments.
Analysis of genes upregulated in response to water deficit in 'Royal Gala'. Young trees of 'Royal Gala' were subjected to a stringent water deficit regime, i.e., 40% of the wellwatered condition for 2 weeks. Although apple is somewhat drought-resistant, 'Royal Gala' trees maintained under this water deficit regimen began to show signs of stress (Fig. 2) . Typical symptoms of water deficit included the in-rolling of leaves to reduce surface area and death of the main shoot apex (Fig. 2D) . In addition, measurements of net photosynthesis, stem water potential, and leaf osmotic potential were consistent with drought treatment responses in the experimental group (data not shown).
We identified a total of 149 genes upregulated in response to water deficit (Table 3) . Genes from leaves and bark were associated for the most part with photosynthesis. Others have identified several classes of photosynthetic genes that are upregulated in response to water deficit as well as in response to other stresses (Bogeat-Triboulot et al., 2007; Boominathan et al., 2004) . It is thought that upregulation of components of PSI and II could reflect adjustments to dissipate excess electrons generated during the stress period (Ö quist and Huner, 2003) . In addition to increases in the chloroplast electron transport apparatus, increases in rubisco small subunit and rubisco activase have also been reported (Boominathan et al., 2004) . This is consistent with the observation that leaves that survive drought often show higher content of rubisco/ unit leaf area than well-hydrated plants (David et al., 1998) . Furthermore, it has been shown that leaves growing under drought become a carbon source at a smaller size than leaves in well-watered plants (Schurr et al., 2000) .
It is also not surprising that numerous stressrelated genes are upregulated during the drought period, because there is considerable overlap in stress-responsive gene expression (e.g., Seki et al., 2002) . We compared genes from roots, bark (primarily cambium), and leaves to identify tissue-specific genes and genes common to one or more tissues (Fig. 3) . No stress-related genes common to all three tissues were detected. There were more genes common to leaves and bark than leaves and root or bark and root. Fig. 2 . Response of 'Royal Gala' to a severe water deficit. Trees of clonally replicated 'Royal Gala' shoots were grown in 15.25-cm pots for 2 weeks in a climate-controlled growth chamber. Water was withheld from half of the individuals until pots reached 40% (by weight) of their pre-water deficit weight . The trees were kept at 40% saturation for 2 weeks, after which they were photographed and sampled for RNA extraction. (A, C) Well-watered controls (B, D) trees 2 weeks at 40% saturation. Arrows in the close-ups (C-D) indicate the shoot apex. Includes genes identified as hypothetical and genes with no match in the BLAST Viridiplantae nonredundant database. SSH = suppression subtractive hybridization.
Previous analysis of ESTs isolated from this same experiment also reported more genes unique to roots and leaves when tissue-specific control sequences were subtracted from the experimental ESTs (Wisniewski et al., 2008) . We are currently analyzing the sequences obtained from the SSH experiments to identify more completely those genes that comprise families with similar sequences (identities) but diverse functions. In addition, we plan to align all the hypothetical and predicted genes to see if any of these genes are unique or common to the tissues analyzed here. The first step in correlating differences in gene structure or expression with adaptation to dry environments is to identify those genes that are up-and downregulated in response to drought. To this end, we are clonally propagating select M. sieversii lines to test for drought resistance under controlled water deficit conditions. Information obtained from these studies can be applied to breeding programs to enhance survival of important commercial cultivars of apple during periods of drought. Fig. 3 . Stress genes upregulated in 'Royal Gala' in response to water deficit. Young trees were subjected to 2 weeks of water deficit or were well-watered during that time (controls). SSH was performed with each tissue separately using the control cDNAs in 10-fold excess as a ''driver'' and the water deficit-treated cDNAs as a ''tester.'' Genes were sequenced and identified by BLASTx or BLASTn. Shown are the numbers of unigenes representing stress-responsive genes that are upregulated in the different tissues. SSH = suppression subtractive hybridization.
